A method is described for the isolation of large numbers of tobacco (Nicotiana tabacum L. cv. Xanthi-nc) mesophyll cell protoplasts under relatively low external osmotic conditions. The procedure utilized 0.2 M sucrose as the primary osmoticum and a mixture of 0.5% macerozyme, 4% cellulase, and 2% polyvinylpyrrolidone, pH 5.4. The viability of resultant protoplasts was confirmed through regeneration of fertile plants. Plating and regeneration studies revealed, however, that qualitative and quantitative modifications in plating and differentiation media were necessary for protoplasts prepared in this manner. Over-all, the procedure was found to be a simplified alternative to those previously described for tobacco protoplast regeneration. In addition, the system should permit studies related to the influence of differing osmoticum levels on a variety of cell functions.
Protoplasts have been isolated from tobacco mesophyll cells by a variety of enzymatic techniques (5, 16 ) and have also been induced to regenerate normal plants (4, 10, 11) . In each of these studies, protoplasts were prepared and subsequently plated for regeneration studies in the presence of a concentrated osmoticum. It would seem desirable, nonetheless, to have available a similar technique in which protoplasts, at least at the outset, are exposed to lesser degrees of plasmolysis. Plasmolysis is known to influence a variety of cell functions (9) and a more direct determination of additional effects should be possible if protoplasts could be maintained within a broad range of osmoticum concentrations.
In this paper, we report a highly efficient and consistent technique for the isolation and regeneration of tobacco mesophyll cell protoplasts in solutions containing relatively low concentrations of a primary osmoticum. During this investigation, it was found that a considerable number of modifications over those previously reported (10) were required for regeneration of large numbers of plants. Some of these modifications are presumed to result from the means by which protoplasts were isolated. L. cv. Xanthi-nc. Plants were maintained in environmentally controlled growth rooms in 12-inch diameter pots under the following regime: 1500 ft-c of cool white fluorescent light with an 8-hr dark period, relative humidity of 70 to 75%, and a constant 23 C temperature. The soil used was a heavy loam containing peat moss (1/3 by vol) and plants were watered with a solution containing 1 g/l of a soluble 20-20-20 fertilizer (Peters, Inc., Allentown, Pa.). Care was taken to prevent the soil from being continually saturated.
MATERIALS AND METHODS
Protoplast Isolation. Tobacco leaves were collected soon after they had reached 25-to 26-cm length provided that plants were less than 0.762 m tall and had not begun to flower. The leaves were surface-sterilized for 15 min in 0.525% sodium hypochlorite (10% Clorox), rinsed in sterile H20 with free moisture, then removed in a Microvoid II-C sterile air chamber. Leaves were finally placed in sterile paper towels in the refrigerator overnight. They were then rinsed in 70% ethanol for 3 min, removed, and dried in a sterile air chamber. All ensuing steps were conducted aseptically. Usually, the lower epidermis was removed, but leaves could also be shredded into narrow strips (about 1 mm) to facilitate enzyme penetration. Approximately 2 g of leaf tissue were placed in a 250 ml evacuation flask containing 100 ml of the following filter sterilized solution: 0.5% macerozyme (Yakult Biochemicals Ltd.), 4% cellulase (Onozuka SS, Yakult Biochemicals), 2% PVP (mol wt 10,000, Sigma Chemical Co.), and 0.2 M sucrose, pH 5.4. The enzyme preparation at the outset always contained significant amounts of insoluble material. This was solubilized by initially increasing the pH of the enzyme mixture to 9.5 with 0.1 N KOH and then after 1 min readjusting it back to 5. 4 (10) in 100-mm plastic culture dishes containing 10 ml of differing concentrations of medium I or of full strength medium II (Table I) . In each instance, the volume of the protoplast suspension added was allowed for in calculating final medium concentrations and cell densities. Each embedment also contained 0.4 to 0.5% washed ionagar No. 2 and 0.4 M sucrose. Sources of ionagar varied in their gelling capacity, and the minimum concentration needed to produce a firm layer was determined for each batch. After plating, Petri dishes were sealed with parafilm, incubated under 400 lux of white fluorescent light for 72 hr (8) at room temperature (21 C), and finally held at 700 lux. The percentage of cells which had given rise to colonies (i.e., plating efficiency) was calculated from three replications of each treatment after 3 weeks of culture.
In regeneration experiments, dilution plating of colonies 1 Modified from Nagata and Takebe (10). 2 Modified from White's medium (12) and from Nagata and Takebe (10) (9:1, respectively, for most constituents).
3IAA and kinetin concentrations from the B3 medium of Sacristan and Melchers (14) .
was performed approximately 4 weeks after protoplasts were plated. In initial experiments, 5 ml of medium I containing 0.05 M sucrose was flooded over the surface of the agar layer, followed by 3 additional aliquots at 2-day intervals. However, flooding of the agar surface slowed or terminated colony growth, which did not resume until dilution plating. Greater consistency was achieved by culturing protoplasts in 0.236 1 glass-prescription bottles. A thin agar layer was formed by adding 5 ml of the protoplast-agar medium mixture and then placing the bottle in a horizontal position. When subsequent 2-ml liquid media additions were made (beginning 2 weeks after culture), bottles were slightly inclined to prevent liquid from covering the agar surface. Samples of the same protoplast-agar medium mixture were also placed in small Petri dishes to permit direct observation with a microscope. Dilution plating was performed from bottles after approximately 4 weeks of culture. The soft layer was disrupted with a glass rod, and colonies were separated by gentle repipetting. Colonies were diluted 10-fold in 100-mm Petri dishes by mixing 1 ml of the colony suspension with 9 ml of medium I containing 0 55, 1975 These osmoticum levels are significantly lower than those previously reported as optimal for tobacco mesophyll protoplast isolation (5, 16), and probably related to this is the fact that protoplasts were noticeably larger in size and responded differently to cultural conditions. For example, protoplasts incubated in any of several liquid media displayed a high affinity for one another when left undisturbed. Sheets of aggregated protoplasts that could not be readily dissociated were formed at the surface of the culture vessels following an overnight incubation. Necrosis of protoplasts began soon after large clumps or sheets had formed and was extensive after a 48-hr incubation. When cell to cell contact was largely prevented through the inclusion of 0.04 g of ionagar/ 100 ml of the incubation medium, comparable cell necrosis was not observed.
Protoplasts in 0.3 or 0.4M sucrose could be further plasmolyzed by exposure to 0.6 M sucrose. When this was done, they immediately assumed a convoluted and shrunken appearance. After a few hours, however, protoplasts adjusted to the medium and were again spherical in conformation. Their average diameter was significantly decreased, however, and they appeared far more compact. Also, protoplasts incubated in media containing 0.6M sucrose displayed a reduced propensity to adhere to one another.
In initial studies, the osmotic pressure of Medium I when used for dilution plating and of Medium III for colony transfers seemed to influence colony survival and differentiation. Colonies that had received no supplemental media additions between the plating of protoplasts and subsequent dilution plating were subject to apparent osmotic shock in transfers to media containing less than 0.3 M sucrose. Colonies became brown in color in a few hours and growth ceased. Similar effects were observed when colonies up to 3 to 4 mm in diameter were transferred from dilution plates to medium III containing 0.05 M sucrose and even those that did survive frequently grew as undifferentiated callus until greater than 5 to 10 mm in diameter. When 0.3 M sucrose was present in Medium III, however, survival and differentiation rates were greatly improved. Further experimentation revealed, however, that when prescription bottles were employed and colonies were repeatedly supplemented with medium I containing 0.05 M sucrose, there was little evidence of apparent osmotic shock during either dilution plating or subsequent colony transfer to media with 0.05 M sucrose. Indeed, by this system, colonies differentiated shoots (Fig. 3) as rapidly if not more so on medium III containing 0.05 M instead of 0.3 M sucrose. This suggested that medium exhaustion may be at least partially responsible for the reliance in prior experiments of colony survival on higher levels of sucrose.
Culture Medium and Plating Efficiency. The basic medium of Nagata and Takebe (10) was unsatisfactory for plating protoplasts prepared by our protocol. At densities lower than 1 x 10' protoplasts/ml, the medium was toxic and all cells died within 4 days (Table II) . Above 1 to 1.5 x 10' protoplasts/ml, however, protoplasts did survive and a moderate percentage of cells divided and formed colonies. Reductions in the strength of the medium to one-half and one-third final concentrations permitted colony formation at progressively lower protoplast densities, but plating efficiencies were not high (Table II) . Additional experiments were also conducted in which the concentration of organic, inorganic, and hormone constituents were independently varied. No benefit was observed by reducing the level of any one of the classes of compounds. One-tenth concentration of medium I permitted growth in the form of elongate cells (Fig. 4 ) for 4 to 6 weeks but little or no colony formation. The most effective plating embedment was medium It (essentially, with a few alterations. Approximate protoplast densities within ± 10(.
2 Cells alive after 3 weeks that had divided one or more times.
Cell death was denoted by the assumption of an over-all brown coloration under phase microscopy, the absence of cyclosis, and a loss of the ordered appearance of cell contents.
a combination of 90% modified White's medium [ref. 12, page 113] and 10% medium I). Cell division began 3 to 5 days after protoplasts were plated and appeared relatively synchronous (Fig. 5) . Plating efficiencies commonly ranged between 60 and 80% at cell densities between 6 x 103 and 2 X 104/ml and in one experiment reached 94% 3 weeks after protoplasts were plated at 7200/ml. In addition, far fewer cells expired in this medium than in the others tested (Table II) . Between 2 X 10; and 4 x 103 protoplasts/ml, most protoplasts survived but often grew in an elongate manner and per cent of colony formation was highly variable. Medium IL did not, however, provide for the sustained growth of colonies. In initial studies, colonies were removed from medium II after approximately 4 weeks and were dilution plated in medium I. However, more consistent results were obtained by adding small aliquots of liquid medium I containing 0.05 M sucrose to prescription bottle systems after colony formation was well underway (about 2 weeks after culture). This not only provided for sustained colony growth and development, but also slowly reduced the osmotic pressure of the culture medium. Dilution plating was then performed in medium I after 4 to 5 weeks of culture.
Plant Characteristics. In agreement with prior studies (10), over 90% of the plants regenerated from Xanthi-nc mesophyll cell protoplasts (more than 2000) appeared morphologically normal. Randomly selected plants were also found to be fertile and to set seed. Most of these plants, however, were regenerated from protoplasts initially plated in l/3 concentration of medium I. The results with plants regenerated from protoplasts originally cultured in medium LI appear comparable but are nonetheless preliminary, because only a few hundred have been evaluated. Some plants (more then 500) were regenerated from protoplasts isolated from leaves systemically infected with potato virus X. In these, an interesting anomaly in the form of genetic variegation appeared (Fig. 6) although there is no suggestion as yet that the phenomenon was virus-induced. The plant was self-fertile and set viable seed. An analysis of the heritability of the mutant character is presently in progress.
DISCUSSION
Results of the present study demonstrate that tobacco mesophyll protoplasts may readily be isolated en masse under relatively low osmotic conditions if plants are properly grown. The importance of plant growth conditions on protoplast isolation has heretofore received mention but insufficient emphasis. In but few examples (6) (6) in the isolation pea leaf protoplasts. Since there are pronounced intraleaf cell to cell differences in osmotic pressure (2) , it should be of benefit, for enhancing protoplast yields, to attempt to reduce the degree of variation in osmotic pressure as well as median pressures. The results of the present study suggest that this is possible in tobacco through a manipulation and subsequent standardization of plant growth conditions, and with appropriate modification should apply to other plants as well.
Protoplasts could be induced to divide and regenerate plants with high efficiency over a broad range of osmotic conditions provided that reductions in osmotic pressure were not made at the outset. Protoplasts could also be plasmolyzed by exposure to increased concentrations of sucrose (up to 0.6 M). The latter feature may facilitate uptake studies such as those with bacteria described by Davey and Cocking (7) but under more controlled conditions.
The phenomenon of the dependence of cell division and colony formation on cell density (10) was confirmed in this study, although the minimum cell density for division was variable with the nature and concentration of the culture medium. This dependence, in combination with the finding that irradiated moribund cells may be used to "support" division of nonirradiated ones at low density (13) , raises a question relative to suggested (10) protoplast cooperativity in plating experiments. It would seem to be difficult to assess at this time whether cell cooperativity is in the form of growth substance synthesis (10), simply medium "detoxification," or a combination of the two. Either way, the ability of cells to convert enzymatically or to utilize a number of compounds in the medium (starting with sucrose) may well be influenced by their density. If so, the isolation of a single or group of cell-synthesized compounds responsible for growth in such media would be a very difficult task. At any rate, the cell density phenomenon creates definite problems in protoplast regeneration. When protoplasts were plated at greater than 3 to 4 X 104/ml and formed colonies with high efficiency, supplemental media additions, or dilution plating, or both, were required for continued rapid growth. If (10) and the presence of vascular parenchyma protoplasts was not mentioned. Vascular parenchyma cells did not divide in our systems and if they were excluded in plating efficiency determinations, the values would have been somewhat higher.
The addition of supplemental media could be conveniently accomplished when protoplasts were cultured in prescription bottles. If, in this manner, developing colonies were not allowed to seriously deplete their ambient nutrient supply, subsequent dilution plating and colony transfer were more consistently successful than when medium supplements were not provided. Whereas it should not be unexpected that cells under physiological stress may react unpredictably when exposed to a fresh medium, the influence of sucrose concentration on this unpredictability is of interest. It is possible that the presumed osmotic shock observed when stressed colonies were transferred from media containing 0.4 to 0.05 M sucrose did not, in fact, result from osmotic blow out. Rather, cellular levels of uptake for certain inorganic and/or organic compounds may suddenly have become unreasonably high, and cells became poisoned.
The relative ease and rapidity with which single isolated tobacco protoplasts may be induced to regenerate plants offers a promising system for the study of a variety of biological phenomena (15 
